Objectives-To investigate the contributions of hemodynamic alterations in cerebral veins to the prognosis of patients with primary intracerebral hemorrhage (ICH).
C erebral circulation is composed of arterial and venous systems. Because studies on the arteries have been implemented for many years, the morphologic and hemodynamic parameters and physiologic and pathologic processes occurring in arterial vascularities are well defined. In contrast, the cerebral venous system has been less well described and studied. 1, 2 Insufficient study makes for a poor understanding of the role of venous drainage abnormalities in relation to the pathology of central nervous system diseases, which might result in an underestimation of cerebral venous disorders. 3, 4 Previous studies showed that cerebral venous drainage impairment may lead to decreased cerebral perfusion and brain edema, contributing to cerebral dysfunction. 5, 6 Although the physiologic mechanisms associated with cerebral venous outflow are largely unknown, abnormalities in cerebral venous drainage have been involved in several neurologic disorders, including transient global amnesia, leukoaraiosis, and senile dementia. [7] [8] [9] This finding has produced an intense interest in better understanding the role of the cerebral venous system in the pathophysiology of central nervous system disorders. So far, a clinical study on assessing the variation in intra-and extracranial venous drainage in patients with primary intracerebral hemorrhage (ICH) has not been reported. In the study described here, we hypothesize that abnormal hemodynamics of the extraand intracranial venous system in ICH patients occurs that may affect patient prognosis. To confirm this hypothesis, we calculated the hemodynamic data of internal jugular veins (IJVs), vertebral veins (VVs), basal veins of Rosenthal (RVs), straight sinus (SS), and transverse sinuses (TSs) using duplex color-coded sonography, with the aim of better understanding the contributions of intra-and extracranial venous hemodynamics to the prognosis of patients with ICH.
Materials and Methods
Between July 2016 and October 2017, 125 patients with their first-ever episode of ICH were seen at the Department of Neurological Sciences of Beijing Tiantan Hospital. Of those, 38 patients were excluded because the SS or TS or both vein sinuses were not detected by transcranial color-coded sonography because of a poor acoustic window. A total of 87 patients (64 men and 23 women aged ; mean, 53 6 11 years) were included in the final study. The inclusion criteria was diagnosis of primary ICH, age from 18 to 80 years, and presentation within 6 hours of symptom onset. The exclusion criteria were (1) traumatic intracerebral hemorrhage, (2) a history of cardiac dysfunction, (3) cerebral venous sinus thrombosis or TS absence (most often the left side), or (4) those who was obtained a score of 2 or higher rated by a modified Rankin Scale (mRS) before the hemorrhage. The diagnostic workup included (1) a neurological examination, (2) biochemical blood tests, (3) general physical signs (heart rate, blood pressure, etc.), (4) computed tomography (CT)-proven ICH within 6 hours of symptom onset, (5) follow-up CTs within 24 to 72 hours after onset, and (6) a transcranial and extracranial color-coded Doppler sonography within 24 to 72 hours after onset. The time interval between CT and transcranial color-coded sonography examination is within 2 hours. Magnetic resonance imaging was performed on patients who were suspected of having cerebral venous sinus thrombosis or anatomic variation of the cerebral sinus. The Institutional Review Board approved the study proposal, and we obtained written informed consent from all subjects.
Clinical data (sex; age; body mass index; alcohol and tobacco use; history of hypertension, diabetes, hyperlipidemia, coronary heart disease, etc.) on ICH patients were collected by 1 neurologist blinded to the radiologic data during the patient's hospitalization. The patient's clinical outcome was rated by mRS at a 90-day follow-up. 10 Poor clinical outcome was defined as an mRS greater than 2.
ICH patients underwent a complete intra-and extracranial venous sonography assessment at the ultrasound department of our hospital. Ultrasound examinations were conducted with a high-resolution sonography scanner (iU22; Philips Medical Systems, Andover, MA) using a high-frequency (5-10 MHz) linear probe for the extracranial veins and a lowfrequency (1-3 MHz) phased-array probe for the intracranial veins. The examination was performed by an experienced neurosonographer who was blinded to the subject's characteristics.
For extracranial color-coded sonography, the patient was in a head-straight, flat, supine position to avoid flow alterations caused by unilateral or bilateral venous outflow obstruction. The IJVs were assessed by using the transverse and the longitudinal insonation planes. The maximal and minimal cross-sectional lumen areas (CLAs) of the IJVs in the J2 segment were measured in B mode at the level of the thyroid cartilage in the transverse plane ( Figure 1, A and B) . The mean CLA of the IJVs was then calculated as the product of the maximal and minimal values. Subsequently, the probe was turned by 90 8 at the same site to measure the time-averaged peak velocity (TAPV) and time-averaged mean velocity (TAMV) of the blood flow. During acquisition of the TAPV and TAMV data, the Doppler cursor was directed parallel to the vessel alignment, with the gate adjusted to include the entire lumen as much as possible ( Figure 1C ). The TAPV and TAMV measurements were made using built-in software. The blood flow volume (BFV) of each IJV was calculated according to the following equation, BFV IJV 5 TAMV 3 Mean CLA 3 60. We obtained 3 values for the TAMV and recorded the average value for the final calculation. The VVs were scanned using the color-coded Doppler at the C5-C6 level in the longitudinal insonation plane ( Figure 1D ). Both lumen diameter and velocity (TAPV and TAMV) of each VV were obtained. The BFV of each VV was calculated according to the following equation, BFV VV 5 TAMV 3 pD 2 /4 3 60, where D is the lumen diameter. Total blood flow volume (tBFV) was defined as the sum of BFV between bilateral IJVs and VVs. The carotid bifurcation was used as a reference point in IJV imaging, and the vertebral artery in the V2 segment was helpful to visualize the VV. A large amount of gel was placed on the patient's skin to avoid compressing the veins when the probe was applied over the neck to obtain reliable velocity measurements.
For transcranial color-coded sonography, the instrument settings, including the filter, velocity scale, and pulse repetition frequency, were adjusted for the analysis of low-velocity signals to achieve excellent color-coded Doppler imaging. The patient was examined in the supine position through the transtemporal bone window. We assessed paired RVs, TSs, and unpaired SS. The mean velocity was collected from the abovementioned veins only after identifying them correctly.
The RV was insonated in its distal segments using the thalamic plane, which lies medial and superior to the P2 and P3 segments of the posterior cerebral artery with a flow direction away from the transducer ( Figure 1E) . By following the signal of the RV to its junction with the vein of Galen, the contralateral RV was found; its flow direction is toward the transducer ( Figure 1F ). The unpaired SS was visualized in the midbrain plane extended from the vein of Galen and flowing into torcular herophili, and its flow direction is away from the probe ( Figure 1G ). The TSs were visualized at the site of the torcular herophili, and they were adjacent to the hyperechogenic occipital area. The flow direction of the ipsilateral TS is toward the transducer, while that of the contralateral TS is away from the transducer ( Figure 1H) .
A carotid artery ultrasound was performed to assess cerebral blood flow volume by calculating the sum of BFV between bilateral internal carotid arteries (ICAs) and vertebral arteries. The ICA that extended from the carotid bulb to 1 cm above the carotid bifurcation, and the vertebral artery across the intervertebral foramen at the C5-C6 level was obtained in the longitudinal Statistical analyses were performed using the SPSS 25.0 for Windows software package (IBM Corporation, Armonk, NY). Hemorrhage volume (HV) and perihematomal edema volume (PHEV) did not have a normal distribution; therefore, median and quartile ranges were given. Flow parameters are expressed as the mean 6 standard deviation. Univariate analysis of variance was used for comparing blood flow parameters in different site of hemorrhage. When necessary, Kruskal-Wallis tests were used. Comparison of hemodynamic data between the right and left IJV, VV, RV, and TS were performed by paired t tests. Independent sample t tests were used for the comparison of the parameters for ICH patients with good and poor outcomes. When necessary, chisquared tests were used. Binary logistic regression analysis was used to assess independent factors for predicting the prognosis of ICH patients. The Spearman rank order correlation was used to describe the relationship between variables with not normal distribution, and partial correlation was used for the correlation of the differences in TAMV and BFV between bilateral IJVs. All statistical tests were 2 sided. The threshold for statistical significance was set at P less than .05.
Results
The general information for the 87 ICH patients is summarized in Table 1 . Based on CT images, perihematomal edema (PHE) did not appear in 7 patients. The correlation between the HV and absolute PHEV was found (q 5 .466, P 5 .000). According to the mRS at the 90-day follow-up, there were 60 and 27 patients with good and poor clinical outcome, respectively. Table 2 showed the influence of different site of hemorrhage on the blood flow parameters measured in this study. We can see from the table that all blood flow parameters in The present study revealed that all hemodynamic parameters in the right IJV, VV, and TS were higher than the left except the RVs in ICH patients. For ICH patients with good clinical outcome, the TAPVs, TAMVs, and BFVs of both right IJV and VV were higher than those of the left IJV and VV, whereas statistically significant differences were not found in the mean velocity between bilateral RVs. The TAPV and BFV between bilateral IJVs, BFV between bilateral VVs, and mean velocity between bilateral RVs were correlated (P 5 .000, .021, .002, .001). For ICH patients with poor clinical outcome, statistically significant differences were found in the TAPV, TAMV, and BFV of bilateral IJVs and the mean velocity of bilateral RVs, and a correlation was observed in the mean velocity between RVs only (P 5 .000). Otherwise, the mean velocity of the right TS was higher than that of the left TS in ICH patients with both good and poor clinical outcome, whereas a correlation between TSs was found in those with poor clinical outcome (P 5 .028). The cerebral blood flow volume of arterial inflow in ICH patients with good and poor clinical outcome was not statistically significantly different (954.99 6 385.30 mL/min versus 834.73 6 313.00 mL/ min; P 5 .129), while a statistically significant difference was found in the tBFV of IJVs and VVs outflow (826.35 6 396.51 mL/min versus 598.70 6 308.37 mL/ min; P 5 .005). Table 3 lists the results of univariate analysis for independent factors for predicting the prognosis of the patients with ICH. We can see from the table that absolute PHEV, TAPVs, TAMVs, and BFVs of bilateral IJVs and the right VV and TAMV of the left VV were associated with prognosis among ICH patients. However, the TAMV of the right IJV and the BFV of the left IJV were the independent factors for predicting the prognosis of ICH patients in multivariate analysis (Tables 4 and 5 ). Partial correlation revealed that there was a linear dependence between the differences in TAMV and BFV between bilateral IJVs (r 5 .610, P 5 .000), but the correlation was not found between volumes (hemorrhage, edema) and the differences in TAMV and BFV between bilateral IJVs (P 5 .220, .687, P 5 .420, .589).
Discussion
This prospective study revealed that normal drainage route for cerebral venous outflow would be impaired after ICH. In patients with poor clinical outcomes, the tBFV of IJVs and VVs outflow was decreased; that is, the parameters (TAPV, TAMV, BFV) on the right IJV, VV, and the mean velocity of RV were substantially decreased. The differences in TAMV and BFV between bilateral IJVs can be used as reliable indicators for predicting the prognosis of ICH patients.
The cerebral venous system also plays an important role in regulating intracranial hemodynamics. However, such a role is often overlooked and usually influences the hemodynamic assessment of the brain parenchyma. 11, 12 Recently, there has been renewed interest in studying abnormalities in cerebral venous drainage.
The IJVs are the main drainage route for cerebral venous outflow and drain most of the cerebral venous blood flow in the supine position. The hemodynamics of the IJVs may reflect cerebral venous drainage conditions. 13, 14 The VVs are an alternative venous outflow pathway to the cerebral veins, which is treated, besides IJVs, as another main route forming the cerebral venous outflow pathway. According to the principles of fluid mechanics, blood flow resistance is inversely proportional to the fourth power of the vascular radius. As a result, blood flow through the IJVs is hemodynamically more efficient than through the VVs in the supine position because the wide IJVs create lower flow resistance than the small and tortuous VVs. A previous study showed that the right IJV in healthy individuals had higher TAMV and BFV than the left IJV in the supine position. In the present study, the TAPV, TAMV, and BFV of the right IJV in patients with ICH were higher than those of the left IJV. Similarly, differences between the right and left VV in ICH patients were statistically significantly different. The results revealed that the right IJV and VV may play a predominant role in cerebral venous outflow, reflecting the asymmetry between the right and left cerebral venous drainage pathways, which could be explained by several factors. Above all, the right IJV is closer to the heart and more susceptible to central venous pressure and intrathoracic pressure. Second, the right IJV drains into the relatively short right brachiocephalic vein (BV) and then directly joins with the superior vena cava (SVC), while the outflow pathway from the left IJV to the SVC is longer, and it joins the SVC at a more obtuse angle. Third, the left BV goes through the narrow space between the sternum and the thoracic outlet arteries before entering the SVC, which might cause left BV stenosis or even occlusion because of the compression from this narrow space. These anatomic factors contribute to a higher drainage resistance in the left IJV. A report by Chung et al 3 suggested a decreased proportion of outflow and a slowed blood flow velocity in the left IJV with aging, which indicates that an increased left IJV outflow impedance occurs with aging. Cerebral venous drainage encompasses the superficial and the deep venous systems. Unlike the arteries, which supply blood flow to each cerebral hemisphere by the ipsilateral carotid artery, each IJV usually affects either deep cerebral venous system drainage (most often the left IJV) or superficial cerebral venous drainage (most often the right IJV). 15, 16 Many anastomoses can be found between these 2 cerebral venous systems. When the outflow pathway for left IJV is obstructed, deep venous blood flow would be retrograde transmitted to the right TS through the torcular herophili and then drained by the right IJV. 6, 15 Moreover, deep white matter and basal ganglia are drained by the deep venous system, whereas the cortex and medulla are drained by the superficial venous system. Physiologically, the cerebral blood flow in the cerebral cortical area is far higher than that in the white matter. Hence, in contrast with the left IJV, the right IJV has a larger amount of blood flow in the cerebral venous outflow pathway. Studies have shown that there are complex connections between the cerebral venous outflow pathway and the VV system as well as anastomoses of the IJVs with the other extracranial venous drainage system within the craniocervical junction region, 6, [17] [18] [19] which could redirect the venous blood flow to the right side. Therefore, the preponderant right IJV drainage pathway contributes to forming the relatively preponderant right VV drainage pathway.
In the present study, we assessed the prognosis of ICH patients at the 90-day follow-up. Previously, we had speculated that abnormal hemodynamic alterations in the intra-and/or extracranial venous system may occur in ICH patients and may affect the prognosis of these patients. The present results demonstrated that the TAPVs, TAMVs, and BFVs of both right IJV and VV were higher than those of the left IJV and VV, and the mean velocity of RVs was not statistically significantly different in ICH patients with good clinical outcome, while a statistically significant difference was found in the TAPV, TAMV, and BFV of bilateral IJVs and the mean velocity of bilateral RVs in ICH patients with poor clinical outcome. These findings indicated that the ICH redistributed cerebral venous drainage, the BFVs of extra-and intracranial veins varied, and the drainage dominance of the right VV was lost, which led to poor clinical outcome. It is known that the amount of venous outflow should correlate to that of arterial inflow. Our study illustrated that the cerebral blood flow volume of ICAs and vertebral arteries was not statistically significantly different in ICH patients with good and poor clinical outcome, while the tBFV of IJVs and VVs was statistically significantly different. The result demonstrates that the cerebral venous drainage volume changes after ICH. The univariate analysis showed that absolute PHEV, TAPVs, TAMVs, and BFVs of bilateral IJVs and the right VV and TAMV of the left VV were associated with prognosis in ICH patients. However, the TAMV of the right IJV and the BFV of the left IJV were the independent factors that predicted prognosis in ICH patients in multivariate analysis. As a result, patients with ICH and higher TAMVs of the right IJV and BFV of the left IJV were more likely to have a good prognosis.
We reported the effect of hemorrhage sites on blood flow parameters measured in this study. To our knowledge, whether ICH site has an influence on the hemodynamic data of cerebral veins has not been studied previously. The results of the present study indicated that all parameters were not statistically significantly different in ICH site. Presumably, ICH site was unrelated to the PHE and clinical outcome, which may be inclined to have the viewpoint that ICH site does not impact on the hemodynamic data of cerebral veins. According to previous studies, 20, 21 hemorrhage location has not been shown to be a predictor of PHE (lobar versus basal ganglia ICHs). Murthy et al 22 showed that there was no correlation of lobar ICH with clinical outcome, even though PHEV was significantly larger in lobar ICHs compared with basal ganglia hematomas, but basal ganglia ICH was significantly associated with poor clinical outcome. However, in our series, there was no association of basal ganglia ICH with clinical outcome. Due to a lack of study and detailed descriptions, as well as relatively smaller sample size, there is not enough evidence to illustrate the correlation between the ICH sites and hemodynamic data of cerebral veins. This issue remains for further study in the future.
Intracranial pressure (ICP) is directly affected by the BFV of intracranial veins. RV is an important drainage pathway of intracerebral veins, the BFV of which is closely related to changes in ICP. When the outflow pathway for the RV is blocked, the blood flow velocity of RV decreases, and cerebral blood flow increases, which leads to increased ICP and brain tissue edema. Meanwhile, the RV is compressed by the edematous brain tissue, and its blood flow velocity decreases further. The current study showed that the mean velocity of bilateral RVs in ICH patients with good clinical outcome was not statistically significant, while there was a statistically significant difference in ICH patients with poor clinical outcome. However, the correlation between bilateral RVs was found in all ICH patients. Therefore, the decreased velocity of RV potentially affects the prognosis of ICH patients.
Cerebral venous drainage of the superficial and deep venous system runs into the sigmoid sinuses through the TSs, and then into the IJVs. To our knowledge, there are alterations in cerebral hemodynamics related to abnormal drainage in the cerebral venous sinus system. However, the cerebral venous sinus system is characterized by marked interindividual discrepancy in blood drainage patterns due to anatomic variations. 23, 24 One of the most commonly confusing anatomic variations is the difference in the size of the TSs found in almost 50% of people. In 20% of cases, the smaller sinus (typically on the left side) is atretic or absent. 25 The present study illustrated that the mean velocity in the right TS was higher than that of the left TS in patients with ICH and with either good or poor clinical outcome, which may prove that the right TS plays a dominant role in the outflow pathway to intracerebral veins and seems not to be influenced by changes in the BFV of intracerebral veins. The prognosis of ICH patients has been linked to PHE formation, reduction in cerebral perfusion pressure, and raised ICP. 26, 27 PHE is visualized even when the imaging is performed within 3 hours of symptom onset, but the major proportion of PHE is formed in the initial 24 hours, and its growth occurs quite slowly after 72 hours. PHE-related effects on clinical outcome may be dependent on hematoma volume and hematoma location in the basal ganglion. 22, 28, 29 The hematoma mass effect and progressive edema can lead to life-threatening elevations in ICP. Although the mechanisms linking cerebral venous outflow to ICP have not been characterized, larger hematoma volume and more obvious PHE may lead to a severe mass effect, which generates a higher ICP that can contribute to brain herniation and reduced cerebral perfusion pressure. 30, 31 In our series, the HV linearly correlated with absolute PHE, and the latter was statistically significant in patients with ICH with good and poor clinical outcome. Partial correlation analysis revealed that there was a linear dependence between the differences in TAMV and BFV between bilateral IJVs. Obviously, the HV can be a powerful predictor of PHE and the latter can be an independent predictor of outcomes.
There are several limitations in the present study. First, the sample size is relatively smaller, especially cases with poor clinical outcome. Otherwise, the case series had potential patient selection bias. It is almost impossible to enroll all kinds of patients with ICH within a certain period of study because stringent selection criteria were set, which must be taken into consideration when interpreting the results. Second, the measurement of the hemodynamic parameters in the cerebral venous system could be influenced by respiratory frequency and depth. Third, extracranial venous (IJVs and VVs) drainage is position dependent, and cerebral venous drainage conditions would be changed in upright and sitting positions. Fourth, our data were collected from patients with a small amount of ICH. Extending this investigation to more representative samples of patients with more hemorrhage should be explored in the near future.
To conclude, the results of this preliminary study suggest that the presence of hemodynamic changes in cerebral veins in patients with ICH has an impact on their prognosis. If the predominant role in the right IJV and/or VV is impaired, cerebral venous drainage disorders may occur. These interesting findings should focus future studies on central nervous system diseases from the assessment of arterial to venous hemodynamic alterations, the knowledge about which may be useful both for the correct interpretation of imaging findings and pathophysiologic mechanisms within the cerebral venous system.
